Objective: Recent genome-wide association studies (GWAS) have identified 38 obesity-associated loci among European populations. However, their contribution to obesity in other ethnicities is largely unknown. Methods: We utilised five GWAS (N ¼ 10 482) from Chinese (three cohorts, including one with type 2 diabetes and another one of children), Malay and Indian ethnic groups from Singapore. Data sets were analysed individually and subsequently in combined meta-analysis for Z-score body-mass index (BMI) associations. Results: Variants at the FTO locus showed the strongest associations with BMI Z-score after meta-analysis (P-values 1.16 Â 10 À7 -7.95 Â 10 À7 ). We further detected associations with nine other index obesity variants close to the MC4R, GNPDA2, TMEM18, QPCTL/GIPR, BDNF, ETV5, MAP2K5/SKOR1, SEC16B and TNKS/MSRA loci (meta-analysis P-values ranging from 3.58 Â 10 À4 -1.44 Â 10 À2 ). Three other single-nucleotide polymorphisms (SNPs) from CADM2, PTBP2 and FAIM2 were associated with BMI (Pvalue p0.0418) in at least one dataset. The neurotrophin/TRK pathway (P-value ¼ 0.029) was highlighted by pathway-based analysis of loci that had statistically significant associations among Singaporean populations. Conclusion: Our data confirm the role of FTO in obesity predisposition among Chinese, Malays and Indians, the three major Asian ethnic groups. We additionally detected associations for 12 obesity-associated SNPs among Singaporeans. Thus, it is likely that Europeans and Asians share some of the genetic predisposition to obesity. Furthermore, the neurotrophin/TRK signalling may have a central role for common obesity among Asians.
Introduction
Obesity has a strong genetic component.
1 Recent genomewide association studies (GWAS) have revealed 32 loci for body-mass index (BMI) 2-4 and 6 additional loci for early-onset or extreme obesity. 5, 6 However, these GWAS have primarily used populations of European ancestry and the relevance of these novel variants, particularly those recently reported, 4 in other ethnic groups is unknown.
Intronic variants at the fat mass and obesity-related (FTO) gene have been the most significant findings from genome-wide scans and have been validated in populations of Asian ancestry despite a lower frequency of risk alleles. 7, 8 Similar replication efforts involving other novel variants in diverse ethnic groups are necessary to corroborate initial findings from European studies and characterize their genetic contribution to obesity in other ethnicities. The aim of this study was to evaluate whether variants/loci identified in populations of European descent are important in Chinese, Malay and Indian ethnic groups, the three major ethnic groups in Asia.
Methods and results
We performed GWAS for association with Z-scores of BMI (Z-BMI) using data from five studies (N ¼ 10 482) conducted in individuals of Chinese, Malay and Indian ancestry (Supplementary Table 1 Tables 1-3 and Supplementary Figures 1 and 2 ) among the five GWAS data sets.
Association analyses were carried out in each population using SNPTEST (version 1.1.5, Genetics Software Suite, The University of Oxford, Oxford, UK) under an additive model. Inverse-variance weighted meta-analysis of individual study results was performed using STATA (version 8.2, StataCorp LP, Texas, TX, USA) and results assuming a fixed-effects model are provided in Table 1 , as heterogeneity measures did not show significant between-study heterogeneity for SNPs tested.
We did not identify any SNPs that showed an association with Z-BMI that reached genome-wide significance in either the meta-analysis or the individual GWAS. SNPs from the FTO locus showed the strongest associations (meta P-value 7.95 Â 10 Table 4 ). We examined the associations with Z-BMI for 31 index SNPs from 29 obesity-associated loci (including FTO, rs1558902) that had been identified in European populations (Table 1 and  Supplementary Tables 6 and 7 ), among our data sets. [2] [3] [4] [5] [6] As these were well-validated variants, a P-value threshold (o0.05) was used for declaring significant association. Of the 31 index SNPs, 23 index SNPs at 23 obesityassociated loci were successfully genotyped or imputed in all the five data sets and thus subjected to meta-analysis of these, we observed significant and consistent associations for BMI at 10 (6 genotyped and 4 imputed) SNPs (binomial-test P-value o0.001 for overrepresentation of association signals compared with the expected at a ¼ 0.05) ( Table 1) . Rs1558902 from the FTO locus showed the strongest association (meta P-value ¼ 1.44 Â 10 À7 ) ( Table 1) . 
In addition, index variants near or at MC4R, GNPDA2, TMEM18, QPCTL/GIPR, BDNF, ETV5, MAP2K5/SKOR1, SEC16B and TNKS/MSRA loci also showed consistent associations in our study. We estimated the power to detect an association in our study (Table 1) , based on effect size estimates observed in European populations and observed allele frequencies in our study and found that those SNPs for which we had greater power to detect an association with a o0.05, were also those that showed a statistically significant association in our study (upper range 47-99%). We failed to detect an association in those for which we had lower power (upper range 12-51%). We further tested the hypothesis that SNPs were directionally consistent with original studies: the direction of effects of all except one index SNP (rs10968576 at LRRNC) ( Table 1) was as in European studies (binomial-test P-valueo0.001, assuming the consistency of direction is 0.5 under the null).
For most variants, little heterogeneity of effects was observed, except for rs571312 at the MC4R locus where moderate heterogeneity was observed (I 2 ¼ 42% and Table 1 ). The forest plot for this SNP indicated that effect sizes were greater in Chinese children (SCORM, b ¼ À0.171) and Asian-Indians (SINDI, b ¼ À0.101) than in the other data sets (Figure 1 ), consistent with earlier findings. 9, 10 .
Three other index SNPs were significantly associated with BMI in at least one Singaporean study (Supplementary  Tables 6 and 7 ). Rs13078807 (CADM2) was significant (P-value ¼ 0.0418) only among Asian-Indians and was observed at a lower allele frequency, with opposite effects among the SiMES Malay population and was monomorphic among all Chinese data sets. Rs1555543 (PTBP2) was significant in the Chinese diabetic cases only (P-value ¼ 0.0103) and rs7138803 (FAIM2) was associated with BMI in the Chinese diabetic cases (P-value ¼ 0.0250) and SCORM Chinese children (P-value ¼ 0.0310), while beta directions and allele frequencies were variable between data sets and ethnic groups (Supplementary Tables 6 and 7) . Therefore, a total of 13 out of 31 index SNPs showed a statistically significant association with BMI (Table 1 and Supplementary  Tables 6 and 7) in at least one data set in our study.
For nine loci, we were unable to directly assess reported index SNPs because they were monomorphic, had minor allele frequency o1%, or were not captured by imputation (see supplementary Table 5 . Instead, we examined associations for SNPs within the recombination block containing the reported SNPs (Supplementary Figure 3) . Some SNPs showed association with BMI (P-values o0.05), but none of these remained significant after Bonferroni correction for multiple testing (data not shown). Linkage disequilibrium information between these SNPs and the index SNP was available at three loci: SLC39A8; MTIF3/GTF3A; and PTER. In each instance, the linkage disequilibrium in Asian populations was low (Supplementary Table 8 ). As such, we do not believe that any of these SNPs represent surrogates for index SNPs.
We next tested for involvement of known canonical pathways for 13 loci that showed an association in our study, using Ingenuity Pathway Analysis (IPA) (version 8.7, Ingenuity Systems Inc., Redwood City, CA, USA). The neurotrophin/TRK signalling pathway that involves extracellular neurotrophin (BDNF) signalling and downstream activation of ERK-kinase (MEK), MAP2K5 (Supplementary Figure 4 ) was significantly associated with Z-BMI after correction for multiple testing (Benjamini-Horchberg corrected P-value ¼ 0.029).
Discussion
In this GWAS of more than 10 000 persons of three major Asian ethnicities representing over half of the world's population, we confirmed associations at 13 obesity loci identified in European studies. The number of associations was greater than expected by chance with direction of effect consistent with original observations in Europeans. This suggests that the findings from European populations are likely to be relevant to global populations.
We confirmed the importance of the FTO locus, which showed consistent association with obesity in all three ethnic groups (Chinese, Malays and Asian-Indians) and in adults as well as children. We also detected associations of Z-BMI with SNPs at the GNPDA2, MC4R, SEC16B, TMEM18, ETV5 and the BDNF loci, which is in line with previous replication attempts in East-Asians. [11] [12] [13] [14] Replication of index SNPs at QPCTL/GIPR, MAP2K5/SKOR1 and TNKS/MSRA represents novel findings in Asians. In addition, three SNPs showed significant associations in subgroups, including rs13078807 at the CADM2 (Asian-Indians only); rs1555543 at PTBP2 (Chinese type 2 diabetics only); and rs7138803 at FAIM2 (Chinese children and Chinese type 2 diabetics) loci. Replication of the FAIM2 locus in only children and diabetics is consistent with a previous validation in Han Chinese.
14 Figure 1 Forest plot of effects for the MC4R index SNP (rs571312), which showed significant between-study heterogeneity (I 2 ¼ 42% and Q P-value ¼ 0.092).
13 obesity loci replicate in Asian populations R Dorajoo et al MC4R and BDNF are key components of the hypothalamic energy balance circuitry, and rare mutations affecting these genes cause monogenic forms of obesity. 15, 16 For the remaining 16 obesity loci identified through European GWAS for obesity, we detect no association with BMI. One possibility is that there is significant genetic heterogeneity at these loci between Asians and Europeans. However, index SNPs are unlikely to be causal, and differences in allele frequencies and linkage disequilibrium between populations may have masked associations. At three loci where we were unable to directly assess index SNPs, we detected associations for regional SNPs that had low linkage disequilibrium with reported variants.
Moreover, due to modest effects of these variants, the sample size of our study may not have been adequately powered to detect all associations. We did not detect associations with variants at NEGR1, SH2B1 and KCTD15 that have previously replicated in Han Chinese populations. 11, 12, 14 These SNPs tended to be those for which we had lower power in our study. Furthermore, the common form of obesity is considered a multi-factorial condition, involving complex interplay of genes and environment and, therefore, population-specific gene-environment interactions 19 may exist, attenuating true genetic signals. A limitation of this study was that although we increased power to detect associations by combining data sets in the meta-analysis, the diverse nature of the populations, including a childhood data set and a diabetic cohort, may have introduced heterogeneity which could have affected our findings. However, at these specific obesity loci (with the exception of MC4R), we did not detect strong between-study heterogeneity. Nevertheless, we recognise that loci associated with pediatric obesity may differ from adult obesity and that our study was not powered to detect specific variants associated with pediatric obesity. Thus, our findings (in a meta-analysis comprising mostly adults) would have been biased towards variants with effects that are generalised to both adults and children. There was also a concern that the inclusion of a population of diabetic cases may have introduced bias or confounding. Of all the variants that showed a statistically significant association with BMI in our study, only one (rs10913469 at the SEC16B locus) became non-statistically significant when the Singapore Diabetes Cohort Study population was excluded from the metaanalysis (data not shown). Nevertheless, the direction of effect in the Singapore Diabetes Cohort Study diabetic cohort was consistent with that observed in the metaanalysis done after excluding the Singapore Diabetes Cohort Study cohort (data not shown). Furthermore, this is a wellreplicated obesity-associated variant 3, 4 in multiple other populations that were not selected on diabetes status. As such, we believe that our findings in relation to this locus are valid.
In conclusion, we replicated the associations of 13 obesity loci, first detected in European studies, among a pan-Asian population of Chinese, Malays and Indians, and confirm that diverse ethnic groups share some degree of genetic predisposition to obesity risks.
